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A novel three-dimensional culture system allows prolonged
culture of functional human granulosa cells and mimics the
ovarian environment
Abstract
The development of techniques allowing the growth of primordial follicles to mature follicles in vitro
has much potential for both reproductive medicine and developmental research. However, human
primordial and preantral follicles fail to grow after isolation from the surrounding ovarian stroma.
Granulosa cells (GCs), which normally undergo apoptosis after ovulation, contain a subpopulation of
ovarian follicular cells remaining viable in vitro over prolonged time periods when cultured in the
presence of leukaemia inhibiting factor (LIF). However, when cultured as monolayers, they
progressively lose all their characteristics, such as follicle-stimulating hormone receptor (FSHR) and
cytochrome P450-aromatase. Here, we describe a three-dimensional (3D) culture system containing type
I collagen, which, together with LIF, allowed the survival and growth of a subpopulation of GCs
isolated from mature ovarian follicles and supported them to proliferate into spherical structures
exhibiting steroidogenic capacity, as demonstrated by P450-aromatase and 3-hydroxysteroid
dehydrogenase. After transplantation into the ovaries of immuno-deficient mice, these cells became
localized preferentially within antral follicles and the prolonged expression of FSHR was confirmed as
well. With this optimization of the culture conditions an environment was created, which acts as a niche
closely mimicking the development of early ovarian follicles in vitro.
 1 
A NOVEL THREE-DIMENSIONAL CULTURE SYSTEM ALLOWS PROLONGED CULTURE OF 
FUNCTIONAL HUMAN GRANULOSA CELLS AND MIMICS THE OVARIAN ENVIRONMENT 
 
Katarzyna Kossowska-Tomaszczuk, PhD 1,2 kct@nardis.co.uk 
Pawel Pelczar, PhD 3 pawel.pelczar@ltk.uzh.ch 
Sinan Güven 2 guevens@uhbs.ch 
Jacek Kowalski, Dr. 4 jackowalski@tlen.pl 
Emanuela Volpi, PhD 5 evolp@well.ox.ac.uk 
Christian De Geyter, Prof. 1,2,6 cdegeyter@uhbs.ch 
Arnaud Scherberich, PhD 2 ascherberich@uhbs.ch 
 
1 Woman´s Hospital, University Hospital of Basel, Switzerland. 
2 Department Biomedicine, University Hospital of Basel, Switzerland 
3 Institute of Laboratory Animals, University Hospital of Zurich, Switzerland 
4 Saint Adalbert Specialist Hospital in Gdansk, Poland 
5 Wellcome Trust Centre for Human Genetics, University of Oxford, United Kingdom 
 
6
 To whom correspondence should be addressed: 
Prof. Christian De Geyter, University Hospital of Basel, Spitalstrasse 12, CH-4031 Basel, Switzerland 
   Fax:   + 41 61 265 9194 
   Tel:   +41 61 265 9315 
   Email    cdegeyter@uhbs.ch 
 
 
Page 1 of 35
Ti
ss
ue
 E
ng
in
ee
rin
g 
Pa
rt 
A
A
 N
O
V
EL
 T
H
RE
E-
D
IM
EN
SI
O
N
A
L 
CU
LT
U
RE
 S
Y
ST
EM
 A
LL
O
W
S 
PR
O
LO
N
G
ED
 C
U
LT
U
RE
 O
F 
FU
N
CT
IO
N
A
L 
H
U
M
A
N
 G
RA
N
U
LO
SA
 C
EL
LS
 A
N
D
 M
IM
IC
S 
TH
E 
O
V
A
RI
A
N
 E
N
V
IR
O
N
M
EN
T 
(do
i: 1
0.1
08
9/t
en
.T
EA
.20
09
.06
84
)
Th
is 
ar
tic
le
 h
as
 b
ee
n 
pe
er
-re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n,
 b
ut
 h
as
 y
et
 to
 u
nd
er
go
 c
op
ye
di
tin
g 
an
d 
pr
oo
f c
or
re
ct
io
n.
 T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
 fr
om
 th
is 
pr
oo
f.
 2 
ABSTRACT  
 
The development of techniques allowing the growth of primordial follicles to mature follicles in vitro 
has much potential for both reproductive medicine and developmental research. However, human 
primordial and preantral follicles fail to grow after isolation from the surrounding ovarian stroma. 
Granulosa cells (GCs), which normally undergo apoptosis after ovulation, contain a subpopulation of 
ovarian follicular cells remaining viable in vitro over prolonged time periods when cultured in the 
presence of leukaemia inhibiting factor (LIF). However, when cultured as monolayers, they 
progressively lose all their characteristics, such as follicle-stimulating hormone receptor (FSHR) and 
cytochrome P450-aromatase. Here, we describe a three-dimensional (3D) culture system containing 
type I collagen, which, together with LIF, allowed the survival and growth of a subpopulation of GCs 
isolated from mature ovarian follicles and supported them to proliferate into spherical structures 
exhibiting steroidogenic capacity, as demonstrated by P450-aromatase and 3β-hydroxysteroid 
dehydrogenase. After transplantation into the ovaries of immuno-deficient mice, these cells became 
localized preferentially within antral follicles and the prolonged expression of FSHR was confirmed as 
well. With this optimization of the culture conditions an environment was created, which acts as a 
niche closely mimicking the development of early ovarian follicles in vitro. 
 
KEY WORDS: GRANULOSA – COLLAGEN TYPE I – STEROIDOGENESIS – OVARY – 3D 
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 3 
INTRODUCTION 
 
Particularly during the final stages of follicular growth, the cells of the granulosa exert several crucial 
functions in ovarian function: on the one hand they form a functional syncytium surrounding and 
nursing the oocyte, on the other they produce the bulk of the steroids that are secreted into the 
bloodstream to orchestrate the various organs of the female body for ovulation, successful fertilization 
of an oocyte and subsequent implantation of an embryo. During the final stages of the growth of  
human antral follicles, the proliferation, differentiation and function of GCs are thought to be 
controlled initially by follicle-stimulating hormone (FSH) alone, later by both FSH and luteinizing 
hormone (LH). FSH targets its receptor (FSHR) and induces the maturation of ovarian follicles through 
proliferation of GCs, induction of the LH-receptor (LHR) and formation of a functional syncytium (1, 
2). 
 
Research focusing on GC function, particularly in humans, has been severely hampered by the 
impossibility to culture these cells over prolonged time periods in vitro due to spontaneous luteinization 
followed by apoptosis within a few days (3,4). We demonstrated previously that a subpopulation of 
cells collected from mature ovarian follicles can be maintained in vitro over prolonged time periods in 
culture medium supplemented with LIF thereby exhibiting stem cell-like properties (5). However, even 
in the presence of LIF, these cells cultured in monolayers gradually lose their functional characteristics 
such as production of cytochrome P450-aromatase and FSHR. Similarly, during spontaneous 
luteinization of GCs in vitro, the initially globular GCs progressively lose their ability to express not 
only aromatase and FSHR but also type IV collagen (Coll IV) (6), the principal component of the 
extracellular matrix (ECM) (7,8). 
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 4 
In a two-dimensional (2D) culture system, human follicles have been shown to fail to maintain their 
structure and lack the potential to grow (9). The short-term beneficial effects of culturing GCs in a 3D 
environment have been demonstrated previously (1), but the long-term effects have not been 
investigated. As it has now become possible to culture human follicular cells over prolonged time 
periods in the presence of LIF (5), we conceived a set of experiments to demonstrate that a significant 
subpopulation of cells collected from mature ovarian follicles are able to maintain their functional 
characteristics over prolonged time periods, when they are cultured in a 3D-matrix made of type I 
collagen, and that they, after transplantation into the ovaries of immuno-deficient mice, become 
integrated into the antrum of newly developing follicles. 
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 5 
RESULTS 
 
Culture of follicular cells in monolayers and clonal expansion 
 
Using flow cytometry single follicular cells, collected from mature ovarian follicles, were selected 
from a large cohort of ovarian cells based on FSHR and cultured as single cells in single wells in 
culture medium supplemented with LIF. These selected follicular cells were able to undergo clonogenic 
expansion resulting in colonies (Figure 1A) staining for alkaline phosphatase (AP) (Figure 1B). When 
GCs were cultured as monolayers (2D), cells adhered and adopted a fibroblast-like shape (Figure 1C) 
while losing the critical characteristics of GCs. In particular, expression of FSHR became undetectable 
after 17 days of culture in 2D (Figure 1D). 
 
Three-dimensional culture of follicular cells 
 
In contrast, when ovarian follicular cells were cultured as 3D-pellets, they maintained their round-
spherical shape with clumping of cells (Figure 2) and FSHR continued to be expressed (Figure 1D). 
Cytochrome P450-aromatase was expressed in both culture systems (Figure 1D). The expression of 
FSHR by GCs in 3D-culture was also demonstrated at the protein level after 21 days in culture, as 
visualized by immunocytochemistry using an anti-FSHR polyclonal antibody (Figures 2 and 3). In the 
3D-pellets, patches of follicular cells were stained for FSHR; suggestive of the spatial organization of 
GCs relative to the basal membrane of genuine preantral follicles (Figure 2G). To further substantiate 
this, the organized structures were stained with antibodies against Coll IV, a marker typical of the basal 
membrane in ovarian follicles (2, 6). Expression and organization of FSHR-expressing cells and type 
IV collagen in 3D-pellets were analyzed by immunocytochemistry (Figure 2). After two days of 
culture, Coll IV was expressed by GCs distributed randomly throughout the pellet. At day 7, spherical 
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 6 
structures composed of several GCs were observed. At day 21, organized GC structures expressing 
FSHR and containing laminar structures with Coll IV were visible, some of which were large (several 
hundred micrometers), suggestive of the organization of an ovarian follicle (15). In general, Coll IV 
was expressed more in the outer layers of the organized structures, whereas staining for FSHR-positive 
GCs and was visible mostly in the inner part of the structures (Figure 2G, 2H). The number of GC 
patches in the 3D pellets increased significantly with time (Figure 3A, 3B, 3C). 
 
Expression of LH receptor 
 
Using immunocytofluorescence, we also demonstrated the presence of LHR in patches of follicular 
cells cultured in 3D (Figure 3). The expression of LHR required concomitant expression of FSHR. We 
encountered two distinct staining patterns of LHR and FSHR. The first comprised cells negative for 
LHR but positive for FSHR (Figure 3D,E), the second was positive for both LHR and FSHR (Figure 
3F,G). We were unable to quantify precisely the proportion of cells with FSHR alone and those with 
both receptors within the 3D-pellets because the patches differed in size and it was not possible to 
distinguish single cells inside the patches with a sufficient degree of accuracy. All negative controls, 
performed without first antibodies, presented minimal background staining (data not shown). 
 
Proliferative status of follicular cells cultured in 3D 
 
Observing 3D-pellets at higher magnification revealed spherical clumps of follicular cells surrounding 
a central cavity, resembling a rosette-like structure, within the patches stained for FSHR (Figure 4A,B). 
The connective tissue surrounding these rosettes contained Coll IV, whereas their central cavity was 
stained by Alcian Blue (Figure 4C), i.e. a staining pattern typical of the Call-Exner bodies that are also 
present in the granulose of ovarian follicles (13). The proliferation status of these cells (16) was 
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 7 
verified with Ki-67 staining (Figure 4D). Around half of the cells in the follicle-like structures stained 
positively for Ki-67. Only a few cells staining for Ki-67 were found outside the patches of cells 
staining for FSHR. 
 
Endocrine function of follicular cells cultured in 3D 
 
The steroidogenic capacity of GCs cultured in 3D was also verified in the presence and in the absence 
of collagen type I. Concentrations of progesterone and estradiol in the medium supernatant were 
measured at various time intervals during culture of GCs with or without type I collagen (Figure 5A 
and 5B) in four independent experiments. Significantly lower concentrations of progesterone were 
measured in the medium supernatant of GCs cultured in 3D together with type I collagen (p<0.01), 
whereas estradiol concentrations were similar. In addition to aromatase, using immunohistochemistry 
another steroidogenic enzyme, 3β-hydroxysteroid dehydrogenase (3β-HSD), was detected in follicular 
cells localized preferentially within patches of cells staining for FSHR (data not shown). 
 
In vivo functional validation of follicular cells cultured in 3D 
 
To further examine their functionality, 3D-pellets with human follicular cells cultured over prolonged 
time periods were transplanted into the ovaries of eight immuno-deficient mice. Four mice were 
sacrificed 4 weeks after transplantation, whereas another four mice were sacrificed after 8 weeks. In 
each animal the contra-lateral, non-operated ovary was used as a control. To evaluate possible 
differences between operated and non-operated ovaries, H&E staining of whole ovaries was performed 
(Figure 6A and 6B). The presence of human cells within ovarian tissue was then established using two 
specific stainings: chromogenic in situ hybridization (CISH) for Alu sequences (Figure 6C) and 
immunohistofluorescence for HLA-ABC (Figure 6D). Both methods confirmed the presence of cells of 
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 8 
human origin almost exclusively within the boundaries of mouse antral follicles, in the granulosa layers 
and in contact with the mouse oocytes. 
 
To demonstrate maintenance of the human GC phenotype after in vivo transplantation, cultured pellets 
were implanted (ectopically) into the backs of nude mice. At 4 and 8 weeks after implantation, FSHR 
was still found to be present within the explanted tissue (Figure 6E and 6F), as observed by both 
immunohistochemistry and immunohistofluorescence. 
 
Follicle growth 
 
Additional proof of the utility of the 3D-system and of its relevance arose from its ability to promote 
the development of preantral follicles containing oocytes (Figure 7A and 7B). Previous anecdotal 
observational studies have demonstrated that follicular aspirates of infertile patients treated with 
assisted reproduction may contain primordial follicles, which are usually not identified during routine 
workup of the aspirates for oocyte collection (17). By chance, three preantral ovarian follicles with 
multiple layers of GCs, each with an enclosed oocyte, were detected in the 3D pellets after 
approximately 14 days of culture (Figure 7C). 
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 9 
DISCUSSION 
3D-culture of human ovarian follicular cells 
 
Within a few days in culture, rat, ovine and human GCs plated on culture dishes invariably undergo 
spontaneous luteinization followed by apoptosis within a few days (1,3,6). Previous experimental work 
has demonstrated that a subpopulation of multipotent stem cells are present among GCs collected from 
infertile women treated with assisted reproduction, which can be cultured in the presence of LIF over 
prolonged time periods in vitro. These multipotent stem cells are committed to become GCs, as they 
express FSHR. However, when cultured in 2D, they progressively lose all the major characteristics of 
typical GCs such as P450-aromatase and FSHR (5). 
 
Given the beneficial role of 3D-culture on the endocrine properties of cells (1,3,8,16), we decided to 
improve the culture system by incubating a population of ovarian follicular cells containing 
subpopulations of multipotent stem cells in 3D instead of 2D monolayer. Initially, these cells were 
cultured in 3D in the absence of type I collagen. For this purpose follicular cells were centrifuged into 
pellets, but these progressively disaggregated during prolonged culture. Therefore, type I collagen, a 
normal constituent of ovarian tissue, was added as a sealant to support the stability of the pellets. 
Follicular cells cultured in monolayer in the absence of type I collagen were used as controls. During 
prolonged culture of these cells in the presence of collagen type I, the cells became concentrated into 
patches through cellular proliferation. A 3D-culture system using intact murine follicles, type I 
collagen also promoted an increase in size of two-layered follicles but had no effect on multilayered 
follicles (8). 
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 10 
Development of the GC-like phenotype among follicular cells during prolonged 3D-culture 
 
The 3D-culture of follicular cells collected from mature ovarian follicles allowed the maintenance of 
many morphological and functional characteristics otherwise typical of fully differentiated GCs, such 
as FSHR, LHR and P450-aromatase, which otherwise progressively disappeared during 2D-culture. 
During follicular development in vivo, the number of cells with FSHR normally rises progressively 
until a few days before ovulation, whereas LHR is expressed only towards the final stages of follicular 
development. Therefore, expression of LHR is considered to be characteristic for the later stages of GC 
differentiation (19). We demonstrated the presence of LHR in a subset of follicular cells cultured in 3D 
both at the mRNA level and the protein level. Moreover, within the pellet, follicular cells were 
organized into a 3D-epithelial-like structure made of FSHR-expressing cells lying on a basal membrane 
containing Coll IV, physiologically being a major constituent of the basal membrane separating the 
GCs ovarian follicles from the surrounding thecal cells (7). The demonstration of both FSHR and Coll 
IV in follicular cells cultured in 3D over a period of up to 6 weeks was highly reproducible. Within the 
frame of these experiments, we did not attempt longer culture periods beyond 6 weeks. This is in 
accordance with the observation that, in preantral follicles, Coll IV is localized specifically in the basal 
membrane (7), whereas in pre-ovulatory follicles Coll IV is also detected in more central layers of the 
granulosa (4). The basal membrane influences GC proliferation and differentiation (20,21) and our 
observations confirm previous results demonstrating that Coll IV is produced by the GCs themselves. 
Others have made similar observations when culturing whole ovarian follicles in vitro (8,20,22). 
 
Proliferation capacity of follicular cells cultured in 3D 
 
In many species, including humans, the granulosa of ovarian preantral and antral follicles contains 
Call-Exner bodies. These consist of round globular sets of GCs (so-called rosettes), containing chains 
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 11 
of Coll IV (23), surrounding a small cavity filled with a fluid reminiscent of follicular fluid. Call-Exner 
bodies are found only in healthy follicles (2,13) and their presence seems to correlate with GC 
proliferation and differentiation (24). Call-Exner bodies can be demonstrated in follicular sections 
either with Alcian Blue staining or with specific antibodies against Coll IV (13). Using both methods, 
structures similar to Call-Exner bodies were observed within patches of follicular cells during 
prolonged culture in 3D. The presence of Call-Exner bodies in ovarian follicles has been used as an 
index of granulosa cell proliferation (18, 25). Using Ki-67 (16, 26), we were able to demonstrate that 
cell proliferation occurs in the follicular cells cultured in 3D. Interestingly, during prolonged culture, 
most proliferating cells progressively became organized in structures reminiscent of ovarian follicles 
with cells staining for FSHR and LHR and surrounded by Coll IV (2,3,18,27). 
 
Generation of preantral follicle-like structures 
 
The development of follicle-like structures derived from single proliferating follicular cells is in good 
agreement with the oligoclonal origin of GCs (28). The entire population of GCs in a human 
preovulatory follicle seems to be derived from few (e.g. three) of precursor cells (28). The granulosa of 
mature follicles is constructed by the radial expansion of these GCs across the follicle wall (29). This is 
consistent with the results of an in vivo study on the clonality of murine GCs in the ovary, where the 
population of precursor cells ultimately giving rise to the GC complement of a given follicle was 
determined to be oligoclonal (from only five ancestral cells) (29). 
 
The in vitro generated follicle-like structures are at the preantral stage of folliculogenesis. The preantral 
to antral follicular transition is a striking and important step in ovarian follicle development, and 
antrum formation physically divides the former preantral GCs into mural and cumulus GC populations. 
However, recent studies confirmed that oocyte-derived factors and cumulus–oocyte complex 
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 12 
development are crucial to promote the ability of the follicle to undergo expansion, differentiation of 
preantral GC into cumulus cells and to promote antrum formation (30). 
 
Functionality of follicular cells cultured in 3D – their endocrine function 
 
Steroidogenesis was evaluated as another important feature of functional GCs. In all experiments, both 
recombinant FSH and LH were supplemented to the culture medium in order to maintain and stimulate 
steroidogenesis. Through the presence of cytochrome P450-aromatase, intact GCs are able to produce 
significant amounts of estradiol (31), which, among other characteristics, reflects their functional health 
(27). The concentrations of estradiol were similar in the medium supernatant of GCs cultured in 3D in 
the presence of type I collagen as compared to GCs cultured as pellets without type I collagen (Figure 
5). In contrast, the concentration of progesterone was significantly lower in the supernatant of GCs 
cultured in 3D together with type I collagen as compared to GCs cultured in pellets without type I 
collagen (p<0.01), suggesting that spontaneous luteinization is less pronounced in the presence of type 
I collagen. In addition to the secretion of progesterone and estradiol, and P450-aromatase expression, 
the presence of 3β-HSD, a key enzyme in steroidogenesis involved primarily in the synthesis of 
progesterone, was also observed in 3D-grown follicular cells (32, 33). Only functional GCs are able to 
express this enzyme (34, 35). 
 
Functionality of follicular cells in 3D-culture – oocyte nursing function 
 
In order to further establish the robustness of functionality of follicular cells after prolonged culture in 
3D, human GCs could have been cultured with human oocytes to assess their nursing capacities. 
However, human primordial follicles were not available for such an experimental approach. A more 
indirect approach was thus used, with 3D-cultured GCs transplanted orthotopically into the ovaries of 
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 13 
immuno-deficient mice. Human GCs were found to be located predominantly within the boundaries of 
mouse follicles and, to a much lesser extent, between individual mouse follicles (36). Transplanted 
cells migrated towards the centre of follicles and were found in the close vicinity of mouse oocytes, 
where they retained the typical epithelial morphology of GCs surrounding an oocyte. As no specific 
anti-human FSHR-antibody was available to differentiate human from mouse-FSHR, pellets with 3D-
cultured GCs were also transplanted ectopically into the back of immuno-deficient mice. With this 
approach we additionally demonstrated the continued expression of FSHR by GCs up to 8 weeks after 
their transplantation into this environment. 
 
Human cells were also found in the oviducts and uteri of mice. The presence of those cells suggested 
that, after ovulation, GCs derived from human follicular cells may also nest outside the ovary (31). 
 
Follicle growth in the 3D-culture system 
 
Follicular aspirates are potentially an abundant source of immature ovarian follicles (37). Attempts to 
culture human primordial follicles in vitro to increase the yield of viable mature oocytes for fertility 
treatments have not yet met with success (17). In this study, three preantral ovarian follicles with 
multiple layers of GCs and one metaphase I-oocyte were detected accidentally in the 3D-pellets, further 
validating the potential value of this 3D-culture model to support the growth of immature ovarian 
follicles. 
 
Conclusion and relevance 
 
In female mammals, the normal and physiological production of good quality gametes relies upon the 
highly controlled growth and differentiation of the surrounding ovarian follicle. The proliferation and 
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 14 
differentiation of follicular cells is maintained throughout follicular development, providing not only a 
specialized micro-environment but also nutrients for oocyte growth. For decades, the inability to 
culture these follicular cells, in particular GCs, over prolonged time periods has been a major limiting 
factor contributing to the current lack of knowledge about their functionality. The discovery of a 
subgroup of follicular cells with stem cell-like characteristics and the use of a 3D-culture system for 
prolonged maintenance and differentiation of these cells constitutes a promising tool, which can be 
further developed for many purposes both in developmental research and in reproductive medicine 
(38). This approach may acquire clinical relevance, because it enables banking of GC, for instance in 
case of cancer, thereby allowing maintenance or restoration of the endocrine function of the ovary. 
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MATERIALS AND METHODS 
 
Collection of luteinizing GC 
 
Luteinizing GCs were collected exactly as previously described (5). The freshly collected follicular 
aspirates were centrifuged for 5 min at 110 g and cells were separated by density gradient 
centrifugation on Ficoll PLUS (Amersham Bioscences, Sweden) for 20 min at 390 g. The purified cells 
were placed in freezing medium [FCS with 10 % (v/v) dimethylsulphoxide (DMSO)] and stored at –80 
ºC until culture. All experiments outlined above were approved by the Ethics Committee of Basel, 
Switzerland, and patients provided signed informed consent. 
 
Cell culture 
All experiments were performed in triplicate with pooled cells from different patients in order to reduce 
inter-individual differences between single patients. Follicular cells were cultured either in 2D as 
monolayers or in 3D with and without Coll type 1 in a complete medium (CM) made of DMEM-high 
glucose (4.5 g/L glucose, Gibco, Switzerland), supplemented with 15 % fetal calf serum (Gibco), 50 
µg/ml penicillin/streptomycin (Gibco), 3 mM L-glutamine, 10 mM β-mercaptoethanol, 100 ng/ml 
recombinant FSH (Gonal F; Merck-Serono, corresponding to 3 x 10-4 IU/ml), 200 ng/ml recombinant 
human LH (Luveris, Merck-Serono, corresponding to 6 x 10-4 IU/ml) and 1,000 IU/ml leukemia-
inhibiting factor (LIF, Chemicon International, Temecula, CA, http://www.chemicon.com). For the 3D 
culture, approximately 3.5x105 GCs were suspended in CM containing 100 µg/ml of type I rat collagen 
(BD Biosciences) in 1.5 ml conical microtubes (Sarstedt), incubated for 15 min at 37 °C, and 
centrifuged for 3 min at 390 g, to obtain a 3D-pellet. Supernatant was discarded and 1 ml of fresh CM 
was added. These microtubes were then placed on an orbital shaker, to avoid adherence of the pellet at 
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the bottom of the tube, inside an incubator at 37 °C, 5 % CO2. Medium was changed twice per week by 
carefully aspirating the supernatant and gently reintroducing fresh CM. 
 
Clonal density cultures and Cell Sorting 
Follicular cells were sorted by the presence of FSHR (Santa-Cruz Biotechnology) (5) with 
FACSCalibur (Becton Dickinson). Single FSHR-bearing follicular cells were plated at clonal density (1 
cell/well) in 96-well plates. At day 17 of culture, alkaline phosphatase (AP) staining was performed, 
following the instructions provided by the manufacturer, (AP kit, Sigma-Aldrich). 
 
RT-PCR 
Total RNA extraction, cDNA transcription and amplification were performed as described previously 
(5). Primers were synthesized by Microsynth, Switzerland: FSHR F (forward) 
5’TGGGCTGGATTTTTGCTTTTG, R (reverse) 5’CCTTGGATGGGTGTTGTGGAC (annealing 
temperature 55 °C, DNA product size 529 bp); Aromatase F5’CAAGTGGCTGAGGCAT, 
R5’GAGAATAGTCGGTGAA (55 °C, 429 bp); Oct-4 (10); Stellar, Vasa, Nanog (11); LIFR (12). The 
β-actin PCR product was used as an internal control (Rapid Scan). The amplified products were 
separated on 1 or 2 % agarose gels. RT-PCR products were analyzed by DNA sequencing (ABI, PE 
Applied Biosystems, USA). 
 
Immunohistochemistry and immunohistofluorescence 
For histological examination, cellular pellets were fixed overnight in 1 % paraformaldehyde at 4 °C, 
paraffin-embedded and sectioned (7 µm thick sections). Sections were stained with haematoxylin/eosin 
(H&E) and observed microscopically. Immunohistochemistry or immunohistofluorescence were 
performed using antibodies against human FSHR (Santa-Cruz Biotechnology), human LHR (Santa-
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Cruz Biotechnology), human Coll IV (DAKO, Denmark A/S), 3β-HSD (Santa-Cruz Biotechnology) 
and Ki-67 (Abcam), using dilutions provided by each manufacturer and overnight incubation at 4 °C. 
Secondary antibodies against FSHR were donkey anti-goat FITC (Santa-Cruz Biotechnology) or rabbit 
anti-goat biotin-conjugated (DAKO, Denmark A/S) antibodies. LHR was detected with anti-rabbit 
mouse conjugated with phycoerythrin (Santa-Cruz Biotechnology) secondary antibodies, and for Coll 
IV biotin-conjugated goat anti-mouse (DAKO, Denmark A/S) secondary antibodies were used. 
Staining for immunohistochemistry was followed by incubation with an ABC-alkaline phosphatase 
complex kit (Dako, Glostrup, Denmark) strictly following the procedure provided by the provider, 
counterstaining with hematoxylin and mounting. Some sections were also stained with 1 % (W/V) 
Alcian Blue 8GX (W/V, from Sigma) in 3 % acetic acid solution to identify Call-Exner-like bodies 
(13). 
 
Measurement of the concentrations of estradiol and progesterone 
Secretion of estradiol and progesterone into the culture supernatant by follicular cells cultured in 3D in 
the presence or absence of collagen type I was measured using Elecsys Estradiol II and Progesterone II 
assays (Roche Diagnostics, Rotkreuz, Switzerland) following the procedure provided by the 
manufacturer. The experiment was repeated four times. 
 
In vivo implantation in immuno-deficient mice 
Follicular cells were cultured in vitro for three weeks under the 3D-conditions described above. The 
pellets were then transplanted unilaterally into the right ovary of eight NCr nude mice (Taconic, USA) 
in accordance with institutional guidelines, and by a procedure granted by the veterinary authorities 
from the Canton of Zurich. The cells were transplanted under the bursa within the capsule of the mouse 
ovary. GC transplantation was always performed in the right ovary, the left ovary remained unoperated. 
Four to five weeks after implantation, the mice were sacrificed, and the constructs harvested. To 
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distinguish human (donor) from murine (recipient) cells, immunohistofluorescence was carried out 
with anti-human monoclonal HLA-ABC-biotin-conjugated antibodies (Cedarlane Laboratories Ltd), 
with avidin-FITC secondary antibodies (Becton Dickinson). Additionally, chromogenic in situ 
hybridization (CISH, Zytovision kit) for the detection of human Alu sequences was performed (14). 
Alternatively, 3-week pellets were implanted subcutaneously ectopically into the back of 8 nude mice 
(CD-1 nu/nu, 1-month old; Charles River Laboratories, Wilmington, MA, http://www.criver.com) in 
accordance with institutional guidelines. Four and eight weeks after implantation, the mice were 
sacrificed, and the constructs harvested and analyzed as described. 
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FIGURE LEGENDS 
Fig. 1. Clonogenic proliferation of follicular cells collected from mature ovarian follicles of infertile 
women treated with assisted reproduction and sorted with FACS based on the presence of the FSHR. 
(A) Clonogenic proliferation of a single follicular cell cultured for 12 days in a single well in medium 
supplemented with LIF. (B) After clonal expansion, these cells were stained for AP. (C) Flattened 
appearance of follicular cells during prolonged culture in 2D. (D) RT-PCR of markers typical of GC 
function [follicle-stimulating hormone receptor (FSHR) and P450-aromatase], in freshly collected and 
sorted GC (fGC), and after short (3 days; 3d) or prolonged (17 days; 17d) culture in the presence of 
type I collagen in either 2D or 3D culture. Lane RT+/-: RT-PCR control, lane M: DNA marker. 
 
Fig. 2. Immunocytochemistry to detect FSHR (A,B,C) and type IV collagen (D,E,F) in follicular cells 
cultured in 3D together with type I collagen at various time points. Immunohistochemistry for FSHR 
day 21 was not counterstained with hematoxylin (C). (G,H) Patches of GCs stained by 
immunocytochemistry for FSHR (G) and Coll IV (H). Cells with FSHR are more abundant in the 
centre of each patch, whereas Coll IV is more abundant in cells at the periphery of each patch. 
 
Fig. 3. FSHR-immunocytochemistry in follicular cells cultured in 3D together with type I collagen 
after 1 week (A) or 3 weeks (B). (C) The number of patches positive for FSHR was counted after one 
(grey column) or three (black column) weeks in culture. Both FSHR (D,E) and LHR (F,G) were 
visualized with immunocytofluorescence after three weeks in 3D culture with type I collagen. 
 
Fig. 4. Follicular cells cultured in 3D with type I collagen progressively form follicle-like structures, 
which also include rosette-like structures similar to Call-Exner bodies, as stained with Coll IV (A, grey 
arrow), Alcian blue (C, black arrows) and also containing cells with FSHR (B, black arrow). (D) 
Proliferation of follicular cells cultured in 3D with type I collagen was demonstrated by Ki-67 staining. 
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Cultured follicular cells marked with Ki-67 staining are arranged in patches of cells reminiscent of GCs 
in ovarian follicles (D, black arrows). 
 
Fig. 5. The concentrations of progesterone (A) and estradiol (B) were measured after various time 
periods in the supernatants of 3D-cultures containing follicular cells in the presence or absence of type 
I collagen. Whereas the concentration of estradiol did not differ significantly among both groups at any 
time point, the concentration of progesterone was significantly lower (P<0.01, Mann Whitney-U test), 
indicating a lower degree of spontaneous luteinization in the presence of type I collagen. The asterisks 
indicate missing values due to the disintegration of the pellets after three weeks in culture in the 
absence of type I collagen.  
 
Fig. 6. Follicular cells cultured for three weeks in 3D together with type I collagen were transplanted 
into the right ovaries of immuno-deficient mice. The contralateral ovary was left unoperated for control 
purposes. The animals were sacrified 4 or 8 weeks after transplantation. No differences were found in 
gross morphology between the operated (A) and non-operated (B) ovaries. In situ hybridization for alu 
sequences (C) and immunostaining for HLA-ABC (D) revealed that human cells were detected mostly 
within the boundaries of mouse follicles. After transplantation onto the back of immuno-deficient mice, 
FSHR-bearing cells were still present eight weeks later, as visualized by immunocytochemistry (E, red 
arrows) or immunocytofluorescence for FSHR (F, green dots). 
 
Fig. 7. (A and B) Multilayered follicles founded within 3D-cultured follicular cells after more than 2 
weeks (OO – oocyte; GC – granulosa cells). (C) One post-mature oocyte was detected found within 3D 
cultured follicular cells after more than 3 weeks (black arrow – first polar body; red arrow – zone 
pellucida; white arrow - cytoplasm). 
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Fig. 8. Chromogenic in situ hybridization for alu sequences to detect human cells after transplantation 
into immuno-deficient mice observed in (A) mice oviduct and (B) mouse uterus. 
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Clonogenic proliferation of follicular cells collected from mature ovarian follicles of infertile women 
treated with assisted reproduction and sorted with FACS based on the presence of the FSHR. (A) 
Clonogenic proliferation of a single follicular cell cultured for 12 days in a single well in medium 
supplemented with LIF. (B) After clonal expansion, these cells were stained for AP. (C) Flattened 
appearance of follicular cells during prolonged culture in 2D. (D) RT-PCR of markers typical of GC 
function [follicle-stimulating hormone receptor (FSHR) and P450-aromatase], in freshly collected 
and sorted GC (fGC), and after short (3 days; 3d) or prolonged (17 days; 17d) culture in the 
presence of type I collagen in either 2D or 3D culture. Lane RT+/-: RT-PCR control, lane M: DNA 
marker.  
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Immunocytochemistry to detect FSHR (A,B,C) and type IV collagen (D,E,F) in follicular cells cultured 
in 3D together with type I collagen at various time points. Immunohistochemistry for FSHR day 21 
was not counterstained with hematoxylin (C). (G,H) Patches of GCs stained by 
immunocytochemistry for FSHR (G) and Coll IV (H). Cells with FSHR are more abundant in the 
centre of each patch, whereas Coll IV is more abundant in cells at the periphery of each patch.  
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Fig. 3. FSHR-immunocytochemistry in follicular cells cultured in 3D together with type I collagen 
after 1 week (A) or 3 weeks (B). (C) The number of patches positive for FSHR was counted after 
one (grey column) or three (black column) weeks in culture. Both FSHR (D,E) and LHR (F,G) were 
visualized with immunocytofluorescence after three weeks in 3D culture with type I collagen.  
190x275mm (72 x 72 DPI)  
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Follicular cells cultured in 3D with type I collagen progressively form follicle-like structures, which 
also include rosette-like structures similar to Call-Exner bodies, as stained with Coll IV (A, grey 
arrow), Alcian blue (C, black arrows) and also containing cells with FSHR (B, black arrow). (D) 
Proliferation of follicular cells cultured in 3D with type I collagen was demonstrated by Ki-67 
staining. Cultured follicular cells marked with Ki-67 staining are arranged in patches of cells 
reminiscent of GCs in ovarian follicles (D, black arrows).  
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The concentrations of progesterone (A) and estradiol (B) were measured after various time periods 
in the supernatants of 3D-cultures containing follicular cells in the presence or absence of type I 
collagen. Whereas the concentration of estradiol did not differ significantly among both groups at 
any time point, the concentration of progesterone was significantly lower (P<0.01, Mann Whitney-U 
test), indicating a lower degree of spontaneous luteinization in the presence of type I collagen. The 
asterisks indicate missing values due to the disintegration of the pellets after three weeks in culture 
in the absence of type I collagen.  
209x297mm (300 x 300 DPI)  
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Follicular cells cultured for three weeks in 3D together with type I collagen were transplanted into 
the right ovaries of immuno-deficient mice. The contralateral ovary was left unoperated for control 
purposes. The animals were sacrified 4 or 8 weeks after transplantation. No differences were found 
in gross morphology between the operated (A) and non-operated (B) ovaries. In situ hybridization 
for alu sequences (C) and immunostaining for HLA-ABC (D) revealed that human cells were 
detected mostly within the boundaries of mouse follicles. After transplantation onto the back of 
immuno-deficient mice, FSHR-bearing cells were still present eight weeks later, as visualized by 
immunocytochemistry (E, red arrows) or immunocytofluorescence for FSHR (F, green dots).  
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(A and B) Multilayered follicles founded within 3D-cultured follicular cells after more than 2 weeks 
(OO – oocyte; GC – granulosa cells). (C) One post-mature oocyte was detected found within 3D 
cultured follicular cells after more than 3 weeks (black arrow – first polar body; red arrow – zone 
pellucida; white arrow - cytoplasm).  
209x297mm (300 x 300 DPI)  
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Chromogenic in situ hybridization for alu sequences to detect human cells after transplantation into 
immuno-deficient mice observed in (A) mice oviduct and (B) mouse uterus.  
209x297mm (300 x 300 DPI)  
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